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ABSTRACT

The flash auto-combustion method was used to synthesize nanocrystalline spinel

ferrites with the general formula Cd1-xNixFe2O4 (x = 0, 0.25, 0.50, 0.75, and 1.0).

Structural characterizations of all prepared samples were carried out by the X-ray

diffraction technique (XRD), Fourier transformation infrared spectroscopy (FTIR),

and scanning electron microscope (SEM). Broadband dielectric spectroscopy (BDS)

and vibration sample magnetometer (VSM) measurements were used to evaluate

the dielectric and magnetic characteristics of the synthesized ferrite samples,

respectively. The formation of the main cubic phase with space group Fd3m was

confirmed by X-ray diffraction examination besides hemitate hexagonal phase a-
Fe2O3. Rietweld refinement revealed that increasing Ni-doping content led to

decrease the volume fraction of hemitate hexagonal phase until it vanished at x = 1

and decreasing of lattice parameters. Along with the X-ray diffraction revealed that

the particle size and lattice strain were increased with increasing Ni content (x). The

two distinctive absorption bands of spinel ferrites were identified using FTIR, and

their dependency on Ni concentration was studied and explained. The saturation

magnetization (Ms) and coercivity (Hc) increased as the Ni concentration increased,

according to VSMmeasurements. The frequency dependence of the permittivity for

the studied composition as sintered @ 950 �C in comparison with the as-prepared

ones shows development of a net of micro-capacitors like behavior in the former.

This is due to a thin layer of weakly conducting grain boundaries separating the

effectively conducting grains. The conductivity spectra of the compositions show

two distinguished trends separated by a characteristic frequency. These three

phenomena will be discussed and explained in some detail.
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1 Introduction

Recently, nano-sized spinel ferrites have been given

significant attention due to their multilateral funda-

mental and technical applications, including ferro-

fluids, transducers, magnetic recorders, electromag-

netic wave absorbers, drug delivery, magnetic reso-

nance imaging, magnetic fluids, etc. [1]. Ferrites are

magnetic materials having a variety of electrical and

magnetic characteristics that may be employed in a

variety of industrial and biological applications [2].

Spinel ferrites are preferred over other magnetic

materials owing to their low eddy current losses, low

coercivity, and high saturation magnetization. The

typical formula for spinel ferrites is MFe2O4, where

Fe is iron and M is a divalent metal ion such as Cd,

Ni, Mn, Co, and so on [3–7].

Spinel ferrites have Fd3m space group, which

reveal face-centered cubic (fcc) structure [8].

Soft ferrites properties might also be easily adjus-

ted by the combination and suitable addition of

divalent and trivalent cations in the spinal structure

to improve their characteristics. So, the purpose is to

choose one of these ferrites, i.e., cadmium, because it

is a true amorphous solid with a regular spinel

structure and is well known as a geometrically chal-

lenged system. It is also used with nickel since Ni ion

that is a relaxing ion with an orbital magnetic

moment, making it ideal for peak power in standing

devices [9].

Researchers are interested in CdNiFeO nano-fer-

rites having a spinel structure because of their fea-

tures such as high electrical resistivity, high magnetic

permeability, high Curie temperature, and due to

their applications in the microwave, such as circula-

tors, isolators, phase shifters etc., [10–12]. Nickel

cation substitution is frequently recommended as a

way to improve the magnetic, hyperthermal, and

relaxometric characteristics of spinel ferrite [13, 14].

Nath et al. have studied the magnetic orders in soft

Ni–Cd ferrite [15]. They discovered that the integra-

tion and appropriate addition of divalent and triva-

lent cations in the spinel structure may effectively

improve the characteristics of soft ferrites.

Nickel ferrites nanoparticles have been synthesized

using variety methods: high-energy ball milling [16],

co-precipitation [17–19], and sol–gel combustion

[20, 21]. In this work, we prefer sol–gel combustion

because of a cost-effective and simple process with a

high production rate [22]. Exothermic and self-

sustaining redox reactions between metal nitrates

(oxidizer) and an organic complexant (reducing

agent) are coupled in a chemical sol–gel and com-

bustion process [23].

In the present work, an attempt to synthesis Cd-Ni

spinel nano-ferrites with the general formula Cd1-x

NixFe2O4 (in which x = 0, 0.25, 0.5, 0.75, 1) using a

sol–gel combustion technique. The objective is to

improve the structural, electrical, and magnetic

characteristics of prepared (Cd–Ni)F2O4 spinel nano-

ferrites by substituting Ni for Cd and to give a

complete structural investigation of spinel ferrite

nanoparticles with more precision characterization

employing XRD, SEM, EDX, and FTIR. In addition, a

broadband dielectric spectroscopy will be employed

to consider the effect of Ni—substitution on the

electrical conductivity and the dielectric behavior of

the Cd—ferrite over a wide range of frequency and at

ambient temperature.

2 Experimental technique

2.1 Materials and samples preparation

Spinel ferrite Cd1-xNixFe2O4 nanoparticle samples of

different Ni ratios (x ranging between 0 and 1) were

formed using a flash auto-combustion technique.

Ferric nitrate Fe(NO3)3�9H2O (99%) (LOBA CHE-

MIE), Cadmium nitrate Cd(NO3)2�6H2O (99%)

(LOBA CHEMIE), nickel nitrate Ni(NO3)2�4H2O

(99%) (CHEM-LAB), and citric acid (C6H8O7, 99%)

(LOBA CHEMIE) as starting chemicals were utilized.

Figure 1 shows the flow chart for preparing steps in

details through the combination of sol–gel and com-

bustion techniques [24]. Small amounts of distilled

water were used to dissolve stoichiometric quantities

of the mentioned nitrates at room temperature, and

citric acid was employed as a fuel. To ensure homo-

geneity, the resulting solution was mixed with a

hotplate magnetic stirrer at 70 �C, and ammonia was

used to fine tune the pH value. The mixture was

heated at about 95 �C with constant stirring to

remove any remaining water. The brown gel was

spontaneously ignited in the presence of ambient air,

resulting in the formation of light brown ash powder.

The porous ash samples were crushed into a fine

powder and annealed at 950 �C.
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2.2 Samples characterization

2.3 X-ray diffraction, SEM and FTIR

At room temperature, X-ray diffraction measure-

ments were used to examine the structure of the

samples and phase purity using a Bruker D8

Advance diffractometer with CuKa radiation

(k = 1.5418 Å). The diffraction data were collected for

2h values ranging between 2� and 70� with scanning

speed of 2�/min. The images for the examined sam-

ples were produced using a scanning electron

microscope model Quanta 250 FEG (Field Emission

Gun) connected to an EDX unit (Energy Dispersive

X-ray Analyses) with a 30 kV accelerating voltage,

magnification range of 14 to 1,000,000, and resolution

of Gun.1n. Fourier transform infrared spec-

troscopy (FTIR) spectra for all examined samples

were studied by using infrared spectrometer Perkin-

Elmer 1430, Germany in the 200–4000 cm-1

wavenumber range.

2.4 Magnetic investigations

The vibrating sample magnetometer (VSM) was used

to explore magnetic hysteresis characteristics in

magnetic fields with intensities up to 25 kOe at room

temperature.

2.5 Electrical and dielectric properties

The electrical conductivity and dielectric properties

of the investigated samples were measured in the

frequency range 0.1 Hz to 10 MHz, using broadband

dielectric spectroscopy (BDS). This spectroscopy uti-

lizing a high-resolution Alpha analyzer with an

active sample head (Novocontrol GmbH- concept 40).

The samples’ powders were compacted into pellets of

12 mm diameter and about 1 mm thickness.

In parallel plate geometry, the disk was sand-

wiched between two gold-plated brass electrodes.

The real, e0 and imaginary, e00, parts of the complex

permittivity will be determined for all the investi-

gated samples. The complex dielectrics function:

e� fð Þ ¼ e0 fð Þ � ie00 fð Þwhere e0 is the permittivity and e00

is the dielectric loss. It is equivalent with the complex

conductivity function: r� fð Þ ¼ r0 fð Þ þ ir00 fð Þ since

r� fð Þ ¼ ifeoe� fð Þ, implying that r0 fð Þ = feoe00 fð Þ and

r00 = feoe0 (eo being the vacuum permittivity and f is

the frequency).

3 Results and discussion

3.1 X-ray diffraction

X-ray diffraction (XRD) patterns of the prepared

spinel ferrite system Cd1-xNixFe2O4 (x = 0.0, 0.25, 0.5,

0.75, 1.0) sintered at 950 �C are presented in Fig. 2. As

Fig. 1 Flow chart for

preparing samples steps of

Cd1-xNixFe2O4 spinel ferrite

nanoparticle
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is obvious from the figure, the XRD revealed the

existence of cubic phase spinel ferrite with space

group Fd3m. The main peaks could be indexed as

(220), (311), (400), (422), (511), and (440) are major

lattice planes, which of the cubic spinel structure’s

characteristics. Moreover, we noticed the appearance

of second phase except the sample (x = 1), the second

phase contains the peaks of the hemitate hexagonal

phase a-Fe2O3 (JCPDS#86-0550) with space group

R-3c with lattice parameter a = b = 5.03 Å,

c = 13.73 Å. The formation of the hemitate hexagonal

phase a-Fe2O3 was caused by inadequate Cd ion

diffusion into the ferrite matrix [25].The inset in Fig. 1

illustrates the remarkable shift of the main peak (311)

for cubic phase spinel ferrite in the direction of higher

degree (2h) with the increase in nickel substitution

ratio. This can be accredited to larger ionic radius of

cadmium (0.97̊A) than that of nickel (0.69̊ A) [26].

The diffraction pattern Rietweld refinement [27] for

all samples is executed as shown in Fig. 3, which

confirmed that the samples possess two phases:

hemitate hexagonal phase a-Fe2O3 of the space group

R-3c and cubic spinel phase of the space group Fd3m.

With increasing doping concentration, the volume

fraction of the hemitate hexagonal phase a-Fe2O3

declined until reached to sample x = 1, the hexagonal

phase was disappeared. The cubic spinel phase lattice

parameter values were computed using the FULL-

PROF Program (Le Bail fit) and are presented in

Table 1. It is evidently that the lattice constant

decreases with increase in the amount of Ni content.

The decreasing of lattice parameters with increasing

Ni content can be described on the basis of ionic radii

of the impurity ions. The noticeable difference in

ionic radii between Cd2? (0.97) and Ni2? (0.69 Å)

might be the major reason for this.

The peak size and strain broadening are additive

components of a Bragg peak’s total integral width.

The separation of size and strain broadening in Wil-

liamson and Hall’s analysis were based on the dis-

tinct angle (h) dependence of both

phenomena[28, 29]. In this work, we use Williamson–

Hall formula to calculate the induced strain in the

nanocrystals due to lattice imperfection and distor-

tion. The Fe2Cd1-xNixO4 samples’ crystallite size and

lattice strain have been estimated by using the uni-

form deformation model (UDM) that is presented by

Eq. (1). The Williamson–Hall equation for determin-

ing the mean crystallite size and lattice strain is

shown in Eq. (1) as follows [30]:

bhklCosh ¼ K � k
D

þ 4eSinh ð1Þ
Fig. 2 X-ray diffraction patterns for the prepared samples

Cd1-xNi xFe2O4. The inset shows remarkable shift of the main

peak (311) belonging to cubic spinel ferrite phase towards higher

degree (2h) with increasing Ni content

Fig. 3 Observed (symbols) and calculated (line) patterns for all

samples. Vertical bars indicate positions of Bragg reflection for the

existing phases. The difference between calculated and observed

intensities is shown in the bottom. The peaks associated with

impurity hemitate hexagonal phase a-Fe2O3 are marked with

asterisks
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where D is the particle size (nm), k is the wavelength,

K is a constant (0.9), bhkl is the peak width at half-

maximum intensity, e is the lattice strain, and h is the

peak position. By plotting 2sinh in the x-direction and

bhkl cosh in the y-direction, which is a linear fit as

illustrated in Fig. 4, the crystallite size and lattice

strain can be estimated. The size of the nanocrystals is

determined by the intercept on the y-axis, while the

slope of the plot indicates the average strain induced

in the particles. Table 1 revealed that the particle size

and lattice strain increase with increasing of Ni con-

tent (x).

The theoretical density qx of Cd1-xNixFe2O4 sam-

ples was calculated using the relation [31]:

qx ¼ 8M

NAa3
; ð2Þ

where M is molecular weight of sample, NA is Avo-

gadro’s number, and a is the lattice constant. Table 1

shows that theoretical density qx values Cd1-xNix-
Fe2O4 samples with increasing Ni content, the con-

vergence in the density values with increasing

substitution ratio is due to the convergence in the

densities between the Ni (8.9 gm/cm3) and Cd (8.7

gm/cm3).

Using the lattice constant values, hopping lengths

LA (the distance between magnetic ions in A-site

’’Tetrahedral’’) and LB (the distance between mag-

netic ions in B-site ’’Octahedral’’) were calculated as

listed in Table 1. LA and LB tend to decrease along

with increasing nickel content. This can be recog-

nized with shrinkage of the unit cell caused by

decreasing in site radius due to incorporation of

smaller Ni2? ions into the octahedral lattices and

conversion of larger ions into the tetrahedral lattices.

Using relation (3, 4), the distance between magnetic

ions (hopping length) in tetrahedral A-sites (LA) and

octahedral B-sites (LB) was estimated (3, 4) [32]:

LA ¼ a�p
3

4
; ð3Þ

LB ¼ a�
ffiffiffi

2
p

4
: ð4Þ

3.2 SEM and EDAX analysis

Scanning electron microscopy was used to study the

surface morphological characteristics of the cad-

mium-nickel ferrite samples (SEM). The most of the

Table 1 Lattice parameter,

particle size, lattice strain,

theoretical density and hoping

lengths LA and LB of prepared

samples Cd1-x Nix Fe2O4

Content a (Å) D (nm) e q (gm/cm3) LA (A)� LB (A)�

x = 0 8.6835 61.25 0.014 5.8452 3.760 3.070

x = 0.25 8.4903 62.95 0.026 5.9619 3.676 3.001

x = 0.5 8.3903 64.19 0.031 5.8754 3.633 2.966

x = 0.75 8.3503 79.25 0.045 5.6540 3.615 2.952

x = 1 8.3124 80.11 0.054 5.4211 3.599 2.938

Fig. 4 AWilliamson–Hall plot of 4sinH against bcosH calculated

from XRD spectra for the prepared samples Cd1-xNi xFe2O4
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particles have been found to be spherical and

agglomerated as shown in Fig. 5a. These agglomer-

ates may have formed as a result of a chemical

reaction during the sintering process. The replace-

ment of nickel has a considerable impact on grain size

and shape, as can be observed. The SEM images were

examined by using Image J software, and it is found

that the particle size was clearly increased with the

increasing Ni concentration (x). The size variation

seen in the samples matches the average crystallite

sizes estimated from XRD spectra rather well.

The samples energy-dispersive X-ray spectroscopy

(EDAX) spectra revealed just the emission peaks of

their constituent elements, revealing no additional

impurities as shown in Fig. 5b. The elemental per-

centages were found to be extremely well coordi-

nated with the calculated weight percentage (wt%) of

all elements (i.e., Fe, Cd, Ni, and O) according to

stoichiometry using EDAX spectra as listed in

Table 2.

3.3 FTIR analysis

The Fourier transform infrared spectroscopy (FTIR) is

an effective spectroscopic method for estimating

cubic spinel phase synthesis and investigating the

Fig. 5 a Scanning electron microphotograph for the samples CdFe2O4 (x = 0), Cd0.5Ni0.5Fe2O4 (x = 0.5) and NiFe2O4 (x = 1.0) spinel

ferrite. b EDAX spectrum of the x = 0, 0.5 and x = 1.0 samples

J Mater Sci: Mater Electron (2022) 33:15652–15664 15657



different functional groups present in materials. FTIR

spectrum was measured in the wave number range of

400–4000 cm-1 as exposed in Fig. 6. Metal–oxygen

bond peaks at 559–588 cm-1 and 471–477 cm-1 cor-

respond to physical characteristics of ferrites. Con-

sistent with Waldron [33], these peaks are related to

the stretching vibrations of metal ion and oxygen

bond (M–O) complex, bands in the range

559–588 cm-1 are assigned to tetrahedral sites

(A) (mt), and 471–477 cm-1 are assigned to octahedral

sites (B) (mo). Table 3 shows the change in vibrational

frequencies at A (mt) and B (mo) sites as Ni concen-

tration increases. It is important to note that (mt) is

greater than (mo) due to more Fe3?–O2– overlapping at

A-sites than at B-sites. The position of these two

absorption bands is determined by the difference in

Fe3?–O2– distances for A and B sublattices. Further-

more, the increase in (mt) values and decrease in (mo)

with an increase in Ni2? ion substitution can be

ascribed to nonmagnetic divalent Cd2? ions prefer-

ring to occupy the tetrahedral sites, forcing Fe and Ni

ions to occupy the octahedral sites. According to the

fact that Fe3? and Ni2? have a lower ionic radius than

Cd2?, causing a decrease in Fe–O bond length and, as

a result, a shift in (mt) towards higher energy and (mo)
towards lower energy, this confirms the results dis-

cussed in the X-ray diffraction.

By substituting the values of vibrational frequen-

cies (mt) and (mo) into the following Eq. (5), the force

constants of ions corresponding to A-sites (KT) and B-

sites (KO) may be calculated [34]:

K ¼ 4p2C2m2m; ð5Þ

where c is the light speed (3 9 1010 cm/s), m is the

vibrational frequency at A and B sites, and m is the

reduced mass of Fe3? and O2– (2.601 9 10–23 g).

Table 3 presents the values of force constants (KT)

and (Ko); it is important to note that (KT) values

increase while (Ko) values decrease with an increase

in Ni content. The increasing of (KT) and decreasing

of (Ko) confirm that nonmagnetic divalent Cd2? ions

with higher ionic radius are preferred to occupy the

tetrahedral sites, forcing Fe and Ni ions with lower

ionic radius to occupy the octahedral sites.

The deconvolution of absorption spectra in the

400–800 cm-1 range is shown in Fig. 7. The peak at

452 cm-1 which marked with asterisk is assigned to

a-Fe2O3 impurity phase [35, 36]. As can be seen,

increasing Ni concentration (x) reduces the intensity

of a-Fe2O3 peak which eventually vanishes for x = 1.0

sample (Fe2NiO4). In addition, the deconvolution of

absorption spectra show the shift of vibrational fre-

quencies at A (mt) and B (mo) sites as Ni concentration

increases; this is owing to the fact that Fe3? and Ni2?

have a smaller ionic radius than Cd2?, resulting in a

decrease in Fe–O bond length.

3.4 Magnetic properties

Hysteresis loops of spinel ferrites samples Cd1-x-

NixFe2O4 estimated in ± 20 kOe field ranges in room

temperature are shown in Fig. 8. Normal (S)-shaped

curves were detected for all compositions, which

display their ferromagnetic character and the mag-

netic properties were improved by increasing the Ni

content. The saturation magnetization (Ms), rema-

nence magnetization (Mr), coercivity (Hc), and the

magnetic moment (lB) were estimated. It is obvious

Table 2 EDX analysis of

Cd1-x Nix Fe2O4 (x = 0, 0.5

and 1.0) samples

Sample Element wt%

x = 0 Fe 57.55

Cd 11.03

O 31.42

x = 0.5 Fe 60.10

Cd 3.54

O 20.75

Ni 15.62

x = 1 Fe 62.96

O 10.03

Ni 27.01

Fig. 6 FTIR spectra for the prepared samples Cd1-xNi xFe2O4

spinel ferrite
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that magnetic parameters of Cd1-xNixFe2O4 samples

increase as a function of Ni content which is related

with linkage between (A) and (B) sites as shown in

Fig. 9 and listed in Table 4. The Ms value of undoped

Fe2CdO4 is 13.45 emu/ g, and this value was

increased by increasing Ni substitution ratio to 54.352

emu/ g for the sample NiFe2O4 (pure nickel). It may

be as a result of the replacement of diamagnetic Cd2?

ions (0 lB) by magnetic Ni2? ions (2 lB) [37]. The

addition of soft magnetic Ni2? ions improves mag-

neto-crystalline anisotropy, allowing samples to

maintain magnetic ordering and exhibit soft ferri-

magnetic behavior.

Using the following relationship (6), the magnetic

moment per formula unit in Bohr magnetron (B) was

computed [38, 39]:

lB ¼ Ms � Mw

5585
; ð6Þ

where Ms is the saturation magnetization and Mw is

the molecular weight of the sample. Table 4 reveals

the increasing of magnetic moment in Bohr mag-

netron (lB) with increasing Ni content. The

improvement of magnetic parameters is because the

Cd2? ion strongly occupies the tetrahedral A-site

[40, 41]; however, Ni2? ion occupies the octahedral

B-site [42] and Fe3? ions occupy both tetrahedral and

octahedral sites. According to Nell’s two sublattice

Table 3 Variations of

tetrahedral (mt) and octahedral

(mo) stretching vibrations and

force constants kt and ko of

Cd1-xNix Fe2O4 spinel ferrite

nanoparticle samples

x mt cm
-1 mo cm

-1 kt (Dyne/cm
-1) 9 10–5 ko (Dyne/cm

-1) 9 10–5

0.0 559 477 2.8848 2.1006

0.25 558 475 2.8745 2.0830

0.5 570 473 2.9995 2.0655

0.75 584 472 3.1486 2.0568

1.0 588 471 3.1919 2.0481

Fig. 7 FTIR deconvolution of absorption spectra in the

400–800 cm-1 range

Fig. 8 Room-temperature hysteresis loops for spinel ferrites

samples Cd1-xNixFe2O4 obtained in ± 20 kOe field ranges

Fig. 9 Dependence of MS, Mr, and HC on Ni content for spinel

ferrites samples Cd1-xNix Fe2O4
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model [43], the addition of magnetic divalent ions

(Ni2? ions) in ferrites minimizes the amount of Cd2?

ions and increases the amount of Fe3? ions at the

A-site, which is responsible for the increase in satu-

ration magnetization and magnetic moment. The

occupancy of Ni2? ion at octahedral site (B-site)

successively replaces Fe3? ions from B-site and

migrates equal amount of Fe3? ions to A-site. As a

result, magnetic moment of B-site decreases with

increasing Ni2? ion content and the magnetic

moment of the A-site sublattice increases due to

increasing amount of Fe?2 ions. Moreover, the

enhanced super-exchange interaction inside the inter-

sublattice (A–B) was regarded as the cause of the

observed increase in saturation magnetization (Ms),

which was compatible with the collinear two sub-

lattice model [44].

3.5 Dielectric properties

The dielectric and electrical properties of the samples

Cd1-xNixFe2O4 with x = 0, 0.25, 0.5, 0.75, and 1

depend on the microstructure and synthesis process

employed for fabrication are investigated over the

considered frequency range. Figure 10 represents the

typical dielectric spectra of Fe2Cd1-xNixO4 nanopar-

ticle samples as prepared in comparison with that

sintered at 950̊ C. The permittivity, e0, reflects a super-
position polarization of the dipoles created from the

charge transfer between the divalent and trivalent

cations within the spinel structure and the influence

of charge carriers’ transport. Spinel ferrite’s dielectric

spectra reveal valuable information about the

behavior of localized electric charge carriers and the

polarization process in ferrites.

As evident from Fig. 10, the permittivity, e0, shows

less dependent (as prepared) or even independent

(sintered @ 950C) behavior as a function of frequency

at the higher range of frequency till about 100 kHz. In

fact, this is not a surprise at all according to the fact

that alterations of all kinds of polarizations lag

behind the frequency of the applied field at such

higher range. This behavior of e0 was found for all

investigated compositions and agrees well with that

found recently and discussed in detail [24, 45]. Dur-

ing the sintering process, grain boundaries are pro-

duced. The layered structure of ferrites can be

understood as a result of direct.

Figure 10 shows the intermediate frequency range,

a bend-like behavior when the samples are sintered

at 950 C. This effect of interfacial polarization (usu-

ally called Maxwell–Wagner–Siller polarization) is

originated from the net of micro-capacitors [46]. This

phenomenon disappears in case of as-prepared

samples at all Ni content. This confirmed the

decrease of grain boundaries development and,

hence, the absence of the MWS polarization in the

case of as-prepared samples. With increase in fre-

quency, role of grain boundaries starts decreasing

while that of grains starts increasing, which has

resulted in more variation in e’ with frequency up to

100 Hz [47]. With higher frequency, the role of grain

boundaries becomes less important while the role of

grains becomes more important, which has resulted

in increasing variance of e’ with frequency up to

100 Hz [48].

Conductivity difference between grains and grain

boundaries leads to the accumulation of charge

Table 4 Magnetic parameters of Cd1-xNixFe2O4 spinel ferrite

nanoparticle samples

x Ms (emu/g) Mr (emu/g) Hc (Oe) Mr/Ms lB (gB)

0 13.31 6.44 220.25 0.484 0.687

0.25 33.22 14.63 231.76 0.440 1.634

0.5 44.15 20.39 246.56 0.462 2.065

0.75 47.53 23.04 262.20 0.485 2.109

1.00 54.92 27.45 272.07 0.499 2.305

Fig. 10 Permittivity (e’) as a function of frequency for all

compositions under investigations, Cd1-xNixFe2O4 with x = (0,

0.25, 0.5, 0.75, 1) as-prepared closed symbols and sintered at 950

C (open symbols)
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carriers at boundaries, which leads to generation of

space charge polarization. As a result, net polariza-

tion increases, and hence, higher values of e0 are

obtained at lower frequencies [49].

The dielectric loss tangent, tan d, or the dissipation

factor, D, characterizes the rate of energy loss (energy

dissipation) in dielectric materials. It is simply the

ratio of the dielectric loss, e00, and the permittivity, e0,
as follows in Eq. (7):

tan d ¼ e00

e0
: ð7Þ

The values of tan d with respect to frequency for

the investigated compositions, sintered at 950 �C, are
depicted in Fig. 11. In addition to the dynamic peak

relaxation of the interfacial polarization at the inter-

mediate frequencies, there is a higher intensity peak

at lower frequencies (slower dynamic) that charac-

terizes the hopping mechanism of the charge carriers’

transport. In other words, the peak of slower

dynamic of the hopping mechanism in the figure can

be attributed to the coincidence of the applied electric

field frequency and the hopping frequency of charge

carriers. This behavior is observed when the fre-

quency of the applied electric field is smaller than or

comparable with the frequency of hopping of charge

carriers between Fe2? and Fe3? ions. At higher fre-

quencies, hopping electrons as well as the alteration

of MWS polarization do not follow the electric field

anymore, and hence, tan d decreases and became

stable.

The real, M0, and imaginary, M00, parts of the

complex electric modulus can be estimated from

those of the complex permittivity by using Eqs. (8, 9);

M0 ¼ e0

ðe02 þ e002Þ ; ð8Þ

M00 ¼ e00

ðe02 þ e002Þ : ð9Þ

The electric modulus calculation helps resolve the

relaxation process. Figure 12 shows the Nyquist plot,

M00 M0ð Þ for the samples under investigations. One

semi-circular arc (taking in mined the scaling of the

plot) corresponds to the relaxation because the grain

boundary contribution is shown. Close inspection of

the figure shows a shoulder-like behavior at lower

range of M0 (i.e., at higher frequency range). The

Nyquist plot of the complex electric modulus,

M� ¼ M0 þM00, typically provides accurate informa-

tion about the conduction mechanism from grain or

grain boundaries. The shoulder at higher frequencies

signify the resistance of grain only; however, the arc

covered the most range of frequencies that charac-

terize the resistance sum of grain and grain boundary

[50]. Figure 13 shows the real part of complex con-

ductivity, r0, as depicted against frequency for the

five compositions under investigations as prepared.

Two different trends are clearly shown in the figure.

At higher frequency range, the ac conductivity

increases gradually with increasing frequency. This

increase of r0 is supposed to be linearly on the log–log

plot and follows the power law (that is, ¼ kn, where k

Fig. 11 Dielectric loss tangent, tan d as a function of frequency

for all compositions under investigations

Fig. 12 The imaginary part of complex electric modulus as

illustrated graphically against its real part (Nyquist plot) of the

investigated samples as indicated
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and n are constants and x is the radial frequency).

This is usually explained according to the fact that,

the electrical conductivity in ferrites is originated

mainly from hopping of electrons between ions of

same element existing in the different valence states.

The increase in Ni?2 concentrations replaces more

Fe?2 ions and, hence, reducing the conductivity.

Upon the application of ac field, the electron hopping

increases, in that way enhances the ac conductivity.

However, the deviation from linearity reflects that

the accompanying of interfacial polarization (usually

called Maxwell–Wagner–Siller polarization) comes

from the accumulation of charge carriers at the

interphases. The electrical response of the system is

influenced by charges migrating under the effect of

an applied ac field [51]. At some characteristic fre-

quency (mc), ac conductivity tends to be less depen-

dent or even independent on the frequency of the

applied external field at lower frequency range. The

ac conductivity, rac, here is considered to be dc con-

ductivity, rdc.
The ac conductivity can be signified by the next

relation (10).

rðÞ ¼ rdc þ racðÞ ð10Þ

There are two components to this equation: the first

component is a frequency-independent part called dc

conductivity, rdc, which is due to band conduction,

and the second term is a frequency-dependent part

called ac conductivity, rac, which is due to electron

hopping at the B-site. One has to notice that the

increase of rdc is accompanied by gradual increase of

mc. Both parameters are linearly related to each other

according to the empirical Barton–Nakajima–Nami-

kawa (BNN) relationship rdc * mc [52–55]. One can

conclude that the increase of the characteristic fre-

quency leads to increase of the conductivity. Taking

into consideration, the frequency is the reciprocal of

time. In other words, the shorter the time is, the

higher the conductivity. This confirms that the time

here is nothing rather than the hopping time of the

ion.

4 Conclusion

By using the flash auto-combustion method, Ni-sub-

stituted CdFeO spinel ferrites were successfully syn-

thesized. The crystal structure, dielectric, and magnetic

characteristics of Cd1-xNix Fe2O4 spinel nano-ferrites

samples were demonstrated to be significantly influ-

enced by Ni substitution. X-ray diffraction study con-

firmed that the investigated samples have the cubic

phase spinel ferrite with space group Fd3m and the

lattice parameters decrease with increasing Ni concen-

tration. As well as the particle size was clearly

increased with the increasing Ni concentration. FTIR

analysis revealed two fundamental tetrahedral and

octahedral stretching vibrations of metal–oxygen bond

peaks at 559–588 cm-1 and at 471–477 cm-1 approving

spinel structure of prepared ferrites. The increasing in

vibrational frequencies at A (mt) and decreasing in

vibrational frequencies B (mo) sites have been estimated.

Magnetic measurements show an improvement in all

characteristics such as saturation magnetization (Ms),

remanence magnetization (Mr), coercivity (Hs), and

magnetic moment (lB) by increasing Ni substitution

content. The interfacial polarization in case of the sin-

tered compositions at 950 �C reflects the development

of micro-capacitors net originated from the well-con-

ducting grains separated by thin layer of poorly con-

ducting grain boundaries. This effect is remarkably

reduced in case of the as-prepared samples. The

increase in Ni?2 concentrations replaces more Fe?2 ions

and, hence, reducing the conductivity.
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